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ScienceDirectAssessing global water quality issues requires a multi-pollutant
modelling approach. We discuss scientific challenges and future
directions for such modeling. Multi-pollutant river models need to
integrate information on sources of pollutants such as plastic
debris, nutrients, chemicals, pathogens, their effects and
possible solutions. In this paper, we first explain what we
considermulti-pollutantmodelling. Second,wediscussscientific
challenges in multi-pollutant modelling relating to consistent
model inputs, modellingapproachesandmodelevaluation.Next,
we illustrate the potential of global multi-pollutant modelling for
hotspot analyses. We show hotspots of river pollution with
microplastics, nutrients, triclosan and Cryptosporidium in many
sub-basins of Europe, North America and South Asia. Finally, we
reflect on future directions for multi-pollutant modelling, and for
linking model results to policy-making.
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In many world regions, water quality issues are no longer
related to just one type of pollution [1]. This is because
many human activities on land are sources of different
river pollutants such as plastic debris, nutrients, chemi-
cals and pathogens. Examples are intensive agriculture,
industry and rapid urbanization (see Section ‘Multi-
pollutant modelling of global water quality’). These
are increasing sources of an increasing number of water
pollutants over the past decades [2,3,4]. However,
existing, global water quality studies focus often on
individual (groups of) pollutants [5,6,7,8]. Thus, water
quality assessments are largely incomplete in terms of
pollutants for many world regions, which prevents the
formulation of effective solutions. This calls for inte-
grated, multi-pollutant modelling for comprehensive
water quality assessments at the global scale [1]. Such
assessments should include analyses of hotspots with
multiple pollutant (e.g. plastic debris, nutrients, chemi-
cals), their causes and solutions. This information will
help to prioritize national monitoring programs and
support the Sustainable Development Goal (SDG)
6 for clean water for all [9]).
Global multi-pollutant modelling is, therefore, needed. In
this paper, we synthesize existing knowledge on global
multi-pollutant modelling and identify scientific chal-
lenges and future directions for global multi-pollutant
modelling. First, we explain what we consider multi-
pollutant modelling (Section ‘Multi-pollutant modelling
of global water quality’), Second, we discuss scientific
challenges in multi-pollutant modelling (Section
‘Scientific challenges for global multi-pollutant mod-
elling’). Next, we illustrate the potential of global
multi-pollutant modelling (Section ‘Illustrating the
potential of global multi-pollutant modelling’). Finally,
we reflect on future research directions (Section ‘Future
directions’).
Multi-pollutant modelling of global water
quality
In this study, multi-pollutant modelling refers to simul-
taneous modelling of the river export of a number ofwww.sciencedirect.com
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of) substances that do not naturally occur in aquatic
systems (e.g. plastic debris or synthetic chemicals) or
with concentrations deviating from their optimal range
(e.g. nutrients). Multi-pollutant problems typically
result in a variety of impacts on aquatic systems and
society (Figure 1). For example, nutrient pollution is
causing eutrophication problems in many world rivers
and seas [10–12,13,14]. Likewise, plastic pollution is
increasing globally [15,16,17,18]. Plastic debris may
contain chemicals (e.g. additives) that can be harmful
for aquatic organisms [19–21]. Pathogen contamination
of surface water is a cause of diarrhea, particularly in
developing countries [5,22,23]. Organic pollution of
rivers can disturb aquatic ecosystems by stimulating
microbial growth [24,25]. There are more groups of
pollutants with the potential environmental risk (e.g.
pesticides [7], nanoparticles [26], pharmaceuticals
[27,28,29]). As a result of water pollution, the availabil-
ity of clean water for nature and human needs (e.g.
irrigation) has been declining (Figure 1). Clean water
availability is hardly analyzed from a multi-pollutant
perspective [24].
Water pollution results from many different human activ-
ities (Figure 1). We may distinguish between point
sources of pollution (e.g. pipes draining into rivers) and
diffuse sources (e.g. via leaching from soils). For example,
crop production can be a diffuse source of nutrients [30]
and pesticides [7] in rivers. Animal production can be a
diffuse (via manure use on land) and point (via manure
discharges to rivers) source of nutrients [30,31] and patho-
gens [5] in rivers. Sewage systems discharge effluents to
rivers. Such effluents contain different pollutants such asFigure 1
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www.sciencedirect.com nutrients [11,30], microplastics [16,17], pathogens
[22,23], pharmaceuticals [27,28,29], nanoparticles [26]
and can contribute to organic pollution [2,14,32] in
rivers. The sources of pollution may differ among world
regions. Recent studies indicate, for example, that open
defecation is an important source of nutrients and patho-
gens in India and Bangladesh [33,34] and that direct
manure discharges are major point sources of nutrients
in Chinese rivers [31]. The above mentioned existing
studies provide useful insights in the sources of individual
groups of water quality parameters. Nevertheless, a better
understanding of the sources of multiple pollutants in
rivers is urgently needed.
Several multi-pollutant models exist for individual water-
sheds (e.g. [19,35–37]). These are data intensive which
makes upscaling to global applications difficult. A multi-
pollutant model exists for continental applications
(WorldQual [2] model, Tables S1.1–S1.4, Box S3.1).
This model quantifies water pollution from several groups
of pollutants (e.g. nutrients, microorganisms) using the
consistent and comprehensive modelling framework (Box
S3.1). It accounts for point and diffuse sources and for
seasonality. However, WorldQual does not quantify pol-
lutants simultaneously. And, the model has not yet been
implemented for future scenarios to explore solutions. In
contrast, several global or continental scale models have
been used for scenario analyses, but mainly for individual
groups of water quality parameters (see Tables S1.1–
S1.4). These include models for nutrients [11,30,38],
plastics [15,16,17], chemicals (e.g. triclosan [8], pesti-
cides [7]), nanoparticles [26], pathogens [2,22,23,39],
water temperature [40,41], salinity or biological oxygen
demand [2,14,25,32,42]. These are not multi-ort Impacts
O2
T°C
s
s
ls
sses
Current Opinion in Environmental Sustainability
 and their impacts. Nutrients, plastic, pathogens, chemicals are
atic systems. ‘Other pollutants’ refer to any group of pollutants (e.g.
e Kroeze et al. [1] and Text S2 for more information.
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118 Global water qualitypollutant models. Most account for sources of one type of
pollutant in aquatic systems, and they differ in several
aspects: for example input data sources, modelling
approaches, spatial and temporal level of detail (see
Section ‘Multi-pollutant modelling of global water qual-
ity’, Tables S1.1–S1.4). These differences make compar-
isons between model results difficult. To identify hot-
spots of multiple pollutants, their causes, and solutionsFigure 2
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modelling approach.
Scientific challenges for global multi-pollutant
modelling
Global multi-pollutant modelling can follow from inte-
gration of existing single pollutant models (Figure 2, Box
S3.1). Such integration requires consistency in datasets
for model inputs in terms of spatial and temporal level ofChallenges for model inputs:
Challenges for model evaluation:
Challenges for integration of existing modelling
approaches:
 effects
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pollutants to rivers
Differences in pollutants behaviour in rivers
systems
Inconsistencies in modelling approaches (e.g.,
process-based vs lumped)
Availability of data for the world
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Harmonization of model inputs to the
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llutants from land to sea, and the main scientific modelling challenges.
 spatial level of detail. This example combines pollutants for which
llutant model based on this scheme is given in Section ‘Illustrating the
nts an implementation of part of the conceptual model described in
www.sciencedirect.com
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model to quantify inputs of multiple pollutants to rivers
and their exports to sea. Socioeconomic development,
land use change and hydrology are drivers of river export
of pollutants in the past, present and future. The calcu-
lated pollution loads can be used in different types of
analysis, such as hotspot analyses, scenario analyses
searching for solutions, or the development of indicators
that combine multiple pollutants to assess their impacts
on ecosystems and society (Figure 2).
Below, we discuss the main challenges that are associated
with model inputs, integration of the existing modelling
approaches and model evaluation (Figure 2).
Challenges associated with model inputs
We identified three main challenges (Figure 2): first,
availability of data covering the world, second, inconsis-
tencies in available global datasets in spatial and temporal
level of detail and third, harmonization of model inputs
between the global datasets for spatial and temporal level
of details [see also Ref. 32]. An integrated global multi-
pollutant model needs information on socioeconomic
development such as trends in economy, population,
urbanization, sanitation, food production (e.g. number
of animals, application of fertilizers to crops), and land
use. We also need information on climate and meteoro-
logical forcing, and on hydrology to account for retentions
of pollutants in river systems and to calculate concentra-
tions of pollutants in rivers. In addition, information is
needed on environmental policies and technological
development, to explore solutions. These inputs can
be user-defined (e.g. by stakeholders and policy-makers).
Several global databases exist for main socioeconomic
drivers (e.g. population, economy). Some databases pro-
vide information by country, and others on a grid cell
level. They differ with respect to the years that are
covered, and scenario assumptions. Examples of global
databases with country-specific information are FAO-
STAT for agricultural information (e.g. fertilizer use;
http://www.fao.org/faostat/en/#home) and the WHO/
UNICEF Joint Monitoring Program for sanitation types
(e.g. number of people with sewage connections; https://
washdata.org/data) for different historical years. Some-
times, the data or time series are not complete for all
countries. Global Shared Socio-economic Pathway (SSPs)
databases [43] provide future projections for countries for
the main socioeconomic drivers such as the gross domes-
tic product [44–46], total population [47] and urban
population for the period 2000–2100 with 10-year time
steps [48]. Examples of global databases with grid-spe-
cific information are datasets from the IMAGE model (e.
g. for nutrient soil balances) at 0.5 cell for the period
1900–2050 based on the Millennium Ecosystem Assess-
ment scenarios [49], and the NCAR database for total,
urban and rural population at 0.125 cell for the periodwww.sciencedirect.com 2000–2100 based on the SSP scenarios [50,51]. Another
example are the gridded databases for global livestock
distribution at finer resolutions of 1 km at the equator
[52]. These examples clearly indicate the spatial and
temporal inconsistencies.
Hydrological variables such as river discharges are typi-
cally modelled at a grid (e.g. 0.5 cells) for longer periods
(e.g. up to 2100) with inter-annual variability (e.g. daily,
monthly). The Representative Concentration Pathways
[53] are often used as the basis to project future trends in
hydrology under a changing climate. Several global
hydrological models exist (see Tables S1.1–S1.4 for
model descriptions). Many simulate water flows at a
resolution of 0.5: for example VIC [54,55], the Water
Balance Model [56], and H08 [57,58]. Some hydrological
models perform at a finer resolution such as 5’ (approxi-
mately 0.08). These are, for example, PCR-GLOBWB
[59] and WaterGAP3 [60] (for details see Tables S1.1–
S1.4). The existing global models for river pollution use
hydrology from different models. For instance, the
Water Balance Model is used for nutrients (Global
NEWS-2), triclosan [8] and microplastics [17], the
PCR-GLOBWB model for nutrients [11] and the Vari-
able Infiltration Capacity (VIC) for water temperature
[61] and pathogens [5].
Harmonizing model inputs between and within socioeco-
nomic and hydrological databases is an essential step
towards a consistent global multi-pollutant model (Fig-
ure 2). Existing studies did this for individual water
quality parameters (Tables S1.1–S1.4). These provide
an opportunity to learn for global multi-pollutant
modelling.
Challenges associated with integration of the existing
modelling approaches
We identified four main challenges (Figure 2): first,
inconsistencies in modelling approaches, second, differ-
ences in sources of river pollution, third, differences in
pollutant behavior in river systems and fourth, computa-
tional (IT) barriers depending on the spatial and temporal
resolution.
Existing modelling approaches differ in how the pro-
cesses controlling export of pollutants to rivers and sea
are modelled. Some models lump processes, while other
are more detailed. Lumped models use rather simple
parameter-based approaches to quantify retentions and
losses of pollutants in river systems, and often focus on
the integration of sources of pollution and possible solu-
tions. They are typically on an annual temporal basis,
ignore heterogeneity within a river basin, however, can be
easily used for scenario analyses to explore solutions.
Examples are the integrated global or continental models
for nutrients (Global NEWS-2 [30], MARINA [62]), tri-
closan [8] and microplastics [17]. Another type are theCurrent Opinion in Environmental Sustainability 2019, 36:116–125
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explicitly account for the terrestrial water cycle and
substance flows within a river basin. Modelling of pro-
cesses controlling retentions and losses of pollutants in
soils and rivers is typically more complex in distributed
than in lumped models, and often account for inter-
annual dynamics. Distributed models often run at grid
scale (e.g. 0.5 cell). However, data needs and computa-
tion time are generally higher. Examples are gridded
models for nutrients (IMAGE-GNM [11], WorldQual
[2,38]), microorganisms (WorldQual [2,39] and for
pathogens GLoWPa [5,23]), water temperature (RBM
[63,64], WorldQual [65]), biological oxygen demand and
salinity (WorldQual [2,39]).
For a global, integrated multi-pollutant model, we may
start with a rather pragmatic way of integrating existing
modelling approaches. This requires changes in existing
modelling approaches (e.g. adding new or re-calibration of
existing parameters). We argue for a first multi-pollutant
model to be in-between lumped and process-based, and
to include important sources of different pollutants and
their behavior in river systems for scenario analyses.Figure 3
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Illustrative example of how global multi-pollutant models can be used to ide
pollutant from point sources in 2010. We integrate existing modelling appro
Cryptosporidium [23,73], microplastics [17] and triclosan [8] to rivers. Annu
2010 was selected for this example to show the hotspots of the current rive
effective solutions. Maps with green–red colors show annual inputs of the p
sub-basin/year). Point sources include sewage systems and open defecatio
annual inputs of five pollutants to rivers into a standardized score of 0–1. Th
Supplementary materials for the summary on the methodology).
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that are accounted for (see Section ‘Introduction’, Fig-
ure 1). But there are also similarities. This relates to the
fact that some pollutants have common sources. For
example, pollutants from personal care products (e.g.
triclosan [8] and microplastics [17]) are discharged in
rivers through sewage systems (point source), that also
transport pathogens and nutrients from households.
Meanwhile, manure use on land is also a source of
pathogens and nutrients (diffuse source). The existing
modelling differ in how they approach point and diffuse
sources, making integration possible, but also a challenge
(see example in Section ‘Scientific challenges for global
multi-pollutant modelling’ and Figure 3).
In addition, it is challenging to integrate modelling
approaches to represent behaviors of different pollutants
in river systems. Reasons are different modelling
approaches (e.g. lumped versus process-based) and the
complex interactions between pollutants and the envi-
ronment variables (see Kroeze et al. [1] and Text S2).
For example, water temperature has an important impact
on other water quality indicators/variables by affecting
the rate of several biochemical processes and the solubil-
ity of many chemical compounds (e.g. [66]). An increased inputs to rivers Cryptosporidium inputs to rivers
Indicator
107oocysts/km 2/year
Indicator score (0-1)
0
0
1 – 5
6 - 10
26 - 50
11 - 25
51 - 100
101 - 500
> 501
< 0.30
0.31 – 0.50
0.51 – 0.75
0.76 – 1.00
Sub-basins with high inputs of
five pollutants to rivers per km2
relative to the other sub-basins
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ntify hotspot areas, where rivers receive high inputs of more than one
aches for annual point source inputs of nitrogen, phosphorus [30,62],
al inputs of the pollutants to rivers are quantified for 2010. The year
r pollution in the world. This is the baseline for analyses to explore
ollutants to rivers from point sources (kg or g or 107 oocysts/km2 of
n. The map with blueish colors shows an indicator that combines
e indicator is based on the approach of Vo¨ro¨smarty et al. [79] (see the
www.sciencedirect.com
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as long as the water temperature (e.g. in lakes) does not
reach above the 37 C [67,68]. Water temperature influ-
ences salinity also indirectly via increased evapotranspi-
ration that gives rise to salt accumulation (see Text S2). A
strong link between cycles of carbon, nitrogen, phospho-
rus and silica is reported [69]. However, a better under-
standing is still needed how different pollutants can affect
each other (e.g. nutrient-induced eutrophication and
micro-pollutants [19]) and what their combined impacts
are on ecosystems.
Challenges associated with model evaluation
Evaluation of model performance is essential to under-
stand and reduce model uncertainties. One way to evalu-
ate is to compare model results against observations. We
identified two main challenges: first, limited number of
measurements for many pollutants in river systems and
second, inconsistencies in spatial and temporal level of
detail of the available measurements. Global database of
observations exist: GEMS/GLORI (http://web.unep.org/
gemswater/), but for a limited number of pollutants and
areas (e.g. data from developing countries is scarce).
Possible reasons are that national monitoring programs
often consider limited range of water quality parameters.
Furthermore, sampling locations do not often match with
locations of modelled results especially for lumped water
quality models.
Existing models for global applications were evaluated for
individual water quality parameters, but with limited
observations. Therefore, other options were used to build
trust in model performance [e.g. 70,71]. One option is a
sensitivity analysis to test the sensitivity of model outputs
for changes in model parameters [72]. Another option is to
compare model inputs with independent datasets: for
example river discharges from different hydrological
models, GDP from different projections (see above).
And multi-model comparison is important for robust hot-
spot assessments. Expert knowledge may reveal uncer-
tainties in model parameters.
Illustrating the potential of global multi-
pollutant modelling
To illustrate the potential of global multi-pollutant
modeling we present an implementation of part of the
conceptual model described above (Figure 2). We focus
on river quality in 10 226 sub-basins in the world. We
aggregated 10 226 sub-basins based on the VIC flow
direction [54,55]. Drainage areas of large rivers (e.g.
Amazon, Danube, Mississippi, Yangtze, Yellow, Pearl)
were divided into smaller sub-basins following [62]. We
focus on point sources of a number of pollutants in rivers:
sewage systems and open defecation (Table 1). Our
analysis focuses on annual values for 2010 to illustrate
the potential of global multi-pollutant modelling. Thiswww.sciencedirect.com implies that monthly or seasonal variations in river pollu-
tion are not within the scope of our analysis (Figure 3).
We integrate existing modelling approaches for annual
point source inputs of nitrogen, phosphorus [30,62], Cryp-
tosporidium [23,73], microplastics [17] and triclosan [8]
to rivers for 2010. For example, Global NEWS-2 [30]
quantifies nitrogen and phosphorus export by world riv-
ers. We use the modelling approach of Global NEWS-2 to
quantify inputs of nitrogen and phosphorus to rivers.
Validation results of Global NEWS-2 indicate a good
performance at the global scale (R2 ranges from 0.51 to
0.90 depending on nutrient form Ref. [30]). Global
NEWS-2 was also validated at regional scales [34,74–
78]. We use the approach of the GLoWPa model [73]
for Cryptosporidium that was evaluated through a sensitiv-
ity analysis. The modelling approaches of microplastics
[17] and triclosan [8] were also evaluated by comparing
modeled values with measurements available for a few
rivers [details are in Refs. 8,17]. All this builds trust in
using these existing modelling approaches in our illustra-
tive example for global multi-pollutant modelling.
Table 1 summarizes model inputs that we used from
existing studies. We also compared our results with other
studies (Table S3.8). Table 1 summarizes how inputs of
the pollutants to rivers are quantified.
We integrate model results for five pollutants into a
simple indicator to show how multi-pollutant models
can be used for hotspot analyses. The indicator is based
on the approach of Vo¨ro¨smarty et al. [79] (Figure 3).
Details on the methodology are in the Supplementary
materials.
We focus on hotspot areas where rivers are considerably
polluted (Figure 3). Such hotspots can be found world-
wide for 2010. For example, river inputs of more than
100 kg of nitrogen per km2 and more than 50 kg of
phosphorus per km2 are found in Europe, North America
and South Asia. Many rivers in Europe and South Asia
received >15 kg of microplastics and >10 g of triclosan
per km2, respectively. High river inputs of Cryptosporid-
ium (>100 107oocysts per km2) are quantified for many
sub-basins (Figure 3). Over two-thirds of the pollutant
loadings were from urban sewage systems. Open defeca-
tion in urban areas contributed to river pollution (espe-
cially with Cryptosporidium) in some sub-basins in devel-
oping countries like India and Indonesia.
We use an indicator for hotspots of multi-pollutant pro-
blems (Figure 3). These hotspots are sub-basins with high
river inputs of all five pollutants (i.e. when the indicator
score is higher than 0.75). Multi-pollutant hotspots are
found in Europe, North America and South Asia (Fig-
ure 3). These are the areas with relatively high population
densities and relatively intensive human developments
[e.g. 48,80]. The hotspot sub-basins (score >0.75 inCurrent Opinion in Environmental Sustainability 2019, 36:116–125
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Table 1
Summary of method to quantify annual inputs of the selected pollutants to rivers from point sources as shown in Figure 3. First, we
quantified annual inputs to rivers by grid of 0.5 cell for 2010. Then, we aggregated results to 10 226 sub-basins based on the VIC flow
direction [54,55]. Drainage areas of large rivers (e.g. Amazon, Danube, Mississippi, Yangtze, Yellow, Pearl) were divided into smaller sub-
basins following [62]. Details on the methodology are in the Supplementary materials
Group of pollutants Representatives Point sources
Nutrients Nitrogen, phosphorusa Sewage systems and open defecation (human waste)
Pathogens Cryptosporidium Sewage systems and open defecation (human waste)
Plastic Microplastics Sewage systems (e.g. personal care products)
Chemicals Triclosan Sewage systems (e.g. personal care products)
Inputs of pollutants to rivers from sewage systems and open defecation are calculated as a function of
 urban and rural population [48], open defecation rates [23,73] b, connection rates to sewage systems [23,73] b, removal efficiencies [8,17,73,83],
excretion (for nitrogen [83] c, phosphorus [83] c, Cryptosporidium [73]) or consumption (for products containing microplastics [17] and triclosan [8])
rates
a We account for detergents based on Ref. [83].
b Country-specific. For missing values we used regional averages.
c Nitrogen and phosphorus excretion is estimated as a function of the gross domestic products [details in Ref. 83]. We adjusted the approach for
units of 2005 US$/capita/year.Figure 3) cover 20% of the global land area, but accom-
modate over two-thirds of the total population in the
world, of which half urban [48]. For many of these hotspot
areas water scarcity issues have been reported
[80,81,82]. We can contribute to the existing studies
by providing water quality information to improve water
scarcity assessments [24,32].
In our illustrative example, we focused on five pollutants
from point sources. However, more pollutants exist that
may enter rivers from point and diffuse sources. For
example, the WorldQual model shows that around one-
third of all river stretches were affected by severe patho-
gen pollution in Latin America, Africa, and Asia, while
around one-seventh are affected by severe organic pollu-
tion and one-tenth by high salinity levels in 2010 [2]
(Box S3.1). Integrating the approaches of the WorldQual
model (and also other global models, see Figure 2) with
our global multi-pollutant model will allow to have water
quality information on more pollutants and for more
sources. This will facilitate comprehensive water quality
assessments and help to identify robust hotspot areas in
the world. Such information is essential when exploring
effective solutions.
Future directions
We highlight three main directions for future research.
First, there is a need to further develop multi-pollutant
models at the global scale. The associated scientific
challenges include harmonizing model inputs, integrating
the existing modelling approaches and evaluating model
uncertainties (see Section ‘Scientific challenges for global
multi-pollutant modelling’). We need to better use exist-
ing knowledge and do more research. Examples exist of
how to harmonize model inputs into consistent datasets,
but only for individual pollutants (see Sections ‘Multi-
pollutant modelling of global water quality’ and
‘Scientific challenges for global multi-pollutantCurrent Opinion in Environmental Sustainability 2019, 36:116–125 modelling’). We can use these examples for multi-pollut-
ant modelling. An example is the GLoWPa model [23] in
which country data on sanitation were combined with
gridded data on population to quantify pathogen inputs to
rivers by grid. Another example is the Global NEWS-2
model of McCrackin et al. [83] for which a method was
developed to downscale annual model inputs into a
consistent, seasonal dataset for nutrient management.
For integrating existing modelling approaches, expert
knowledge is important. It can help to better understand
the dominant processes that control river export of mul-
tiple pollutants from land to sea. However, our under-
standing of interactions of pollutants in rivers at the larger
scale is limited. Thus, more research is needed to better
understand how pollutants interact with each other bio-
geochemically in rivers. This knowledge will help to
improve the modelling approaches and will allow us to
include more pollutants to assess their combined effects.
Uncertainty analysis is essential to build trust in the
results of multi-pollutant models [72]. This is challeng-
ing, but possible. For example, it is possible to combine
validation results of the existing global models for indi-
vidual pollutants with other options to build trust in
multi-pollutant models. These options are, for example,
sensitivity analysis, multi-model comparison, and use of
expert knowledge (see Section ‘Scientific challenges for
global multi-pollutant modelling’). This will facilitate
comprehensive assessment of the impacts of global
change on water quality and facilitate the development
of effective policies.
Second, we need to better link the results of multi-
pollutant river modelling with other research fields.
Various research fields can benefit from this. Examples
are water scarcity studies [24] and risk assessments.
Furthermore, we can contribute to a better understand-
ing of interactions between surface and ground water
quality. Ground water is an important source of freshwa-
ter for irrigation and drinking water in many parts of thewww.sciencedirect.com
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assessments. Sharing data through international plat-
forms (e.g. ISIMIP, https://www.isimip.org/) can
enhance the collaboration between research groups in
the world.
Third, science needs to be better linked with policy
through participatory modeling and scenario analysis.
For instance, hotspot analyses as presented in this paper
can be used as a basis for policy making and to prioritize
monitoring programs. Platforms such as the ‘Water
Futures and Solutions’ Initiative of the International
Institute for Applied Systems Analysis (IIASA; http://
www.iiasa.ac.at/web/home/research/wfas/water-futures.
html) can facilitate dialogues between scientists and
stakeholders. This is needed to ensure that modelling
exercises are policy relevant. Participatory scenario anal-
ysis can thus help to explore effective solutions. Multi-
pollutant modelling may also support the process to
realize SDG 6 for 2030: clean water for all. This can be
done through, for example, scenario analysis (how to
reach the targets), optimization analysis (what is the
optimal solution) and/or back-casting exercises (how to
get to the desired water quality level). Thus, developing
multi-pollutant models will help to better understand
water pollution and assist the search for effective
solutions.
Acknowledgements
We acknowledge a workshop titled ‘Water Quality: a new challenge for
global scale modelling’ held at Wageningen University & Research 18–21
September 2017. Funding for this workshop was from the OECD-
CRP. Discussion during the workshop contributed to the development of
the paper. This work was supported by the Sustainable Resource
Management for Adequate and Safe Food Provision project [KNAW-
MOST SURE: 5160957392-DEELPRJ_1, 2017-2021] and by the Multi
Pollutant Modelling project [5160957330-DEELPRJ_1, 2016-2018].
Appendix A. Supplementary data
Supplementary material related to this article can be
found, in the online version, at doi:https://doi.org/10.
1016/j.cosust.2018.11.004.
References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1.

Kroeze C, Gabbert S, Hofstra N, Koelmans AA, Li A, Lo¨hr A,
Ludwig F, Strokal M, Verburg C, Vermeulen L et al.: Global
modelling of surface water quality: a multi-pollutant approach.
Curr Opin Environ Sustain 2016, 23:35-45.
This paper emphasizes the need for developing multi-pollutant models for
comprehensive global water quality assessments. The paper presents an
overview of the existing global and continental models for individual water
quality variables.
2.

UNEP: A Snapshot of the world’s water quality: towards a global
assessment. Nairobi, Kenya: United Nations Environment
Programme; 2016. 162 pp.
This report presents comprehensive water quality assessments for sev-
eral pollutants such as biological oxygen demand, fecal coliform bacteriawww.sciencedirect.com and total phosphorus. These assessments are for Latin America, Africa
and Asia.
3. Flo¨rke M, Schneider C, McDonald RI: Water competition
between cities and agriculture driven by climate change and
urban growth. Nat Sustain 2018, 1:51.
4. Sutton MA, Oenema O, Erisman JW, Leip A, van Grinsven H,
Winiwarter W: Too much of a good thing. Nature 2011, 472:
159-161.
5.

Vermeulen LC, Benders J, Medema G, Hofstra N: Global
cryptosporidium loads from livestock manure. Environ Sci
Technol 2017, 51:8663-8671.
This study provides a comprehensive assessment ofCryptosporidium
loadings to surface waters from livestock manure in the world. This is
done based on a special explicit, process-based modelling.
6. van Puijenbroek PJTM, Beusen AHW, Bouwman AF: Global
nitrogen and phosphorus in urban waste water based on the
shared socio-economic pathways. J Environ Manage 2019,
231:446-456.
7.

Ippolito A, Kattwinkel M, Rasmussen JJ, Scha¨fer RB, Fornaroli R,
Liess M: Modeling global distribution of agricultural
insecticides in surface waters. Environ Pollut 2015, 198:54-60.
This study provides a modelling approach to qualify export of insecticides
from land to surface waters at the global scale.
8.

van Wijnen J, Ragas A, Kroeze C: River export of triclosan from
land to sea: a global modelling approach. Sci Total Environ
2017, 621:1280-1288.
This study is on modelling river export of triclosan at the global scale.
Triclosan in rivers results from personal care products. By sewage
systems, this pollutant enters rivers and then exported to coastal waters.
The triclosan model was inspired by the modelling approaches of the
global nutrient model (GlobalNEWS-2).
9.

Griggs D, Stafford-Smith M, Gaffney O, Rockstrom J, Ohman MC,
Shyamsundar P, Steffen W, Glaser G, Kanie N, Noble I: Policy:
sustainable development goals for people and planet. Nature
2013, 495:305-307.
The paper discusses the sustainable development goals for people and
nature.
10. Seitzinger SP, Mayorga E, Bouwman AF, Kroeze C,
Beusen AHW, Billen G, Van Drecht G, Dumont E, Fekete BM,
Garnier J et al.: Global river nutrient export: a scenario
analysis of past and future trends. Glob Biogeochem Cycles
2010, 24:GB0A08.
11. Beusen A, Bouwman A, Van Beek L, Mogollo´n J, Middelburg J:
Global riverine N and P transport to ocean increased during
the twentieth century despite increased retention along the
aquatic continuum. Biogeosci Discuss 2015, 12:20123-20148.
12. Xie H, Ringler C: Agricultural nutrient loadings to the freshwater
environment: the role of climate change and socioeconomic
change. Environ Res Lett 2017, 12:104008.
13.

Breitburg D, Levin LA, Oschlies A, Gre´goire M, Chavez FP,
Conley DJ, Garc¸ on V, Gilbert D, Gutie´rrez D, Isensee K: Declining
oxygen in the global ocean and coastal waters. Science 2018,
359:eaam7240.
This study focuses on trends in oxygen concentrations in the open ocean
and coastal waters. The study shows the effects of declining oxygen
concentrations on the processes of biogeochemistry (e.g. hypoxia) and
how this affects the food security.
14. Dumont E, Williams R, Keller V, Voß A, Tattari S: Modelling
indicators of water security, water pollution and aquatic
biodiversity in Europe. Hydrol Sci J 2012, 57:1378-1403.
15. Schmidt C, Krauth T, Wagner S: Export of plastic debris by rivers
into the sea. Environ Sci Technol 2017, 51:12246-12253.
16. Lebreton LC, Van der Zwet J, Damsteeg J-W, Slat B, Andrady A,
Reisser J: River plastic emissions to the world’s oceans. Nat
Commun 2017, 8:15611.
17.

Siegfried M, Koelmans AA, Besseling E, Kroeze C: Export of
microplastics from land to sea. A modelling approach. Water
Res 2017, 127:249-257.
This study presents a model to quantify river export of microplastics from
point sources at the continental scale. This model is developed based on
the approaches of the global nutrient model (GlobalNEWS-2).Current Opinion in Environmental Sustainability 2019, 36:116–125
124 Global water quality18. Boucher J, Friot D, Boucher J: Primary microplastics in the oceans:
a global evaluation of sources. Switzerland: IUCN Gland; 2017. pp.
46.
19. Koelmans A, Van der Heijde A, Knijff L, Aalderink R: Integrated
modelling of eutrophication and organic contaminant fate &
effects in aquatic ecosystems. A review. Water Res 2001,
35:3517-3536.
20. Kooi M, Van Nes EH, Scheffer M, Koelmans AA: Ups and downs in
the ocean: effects of biofouling on the vertical transport of
microplastics. Environ Sci Technol 2017, 51:7963-7971.
21. Avio CG, Gorbi S, Regoli F: Plastics and microplastics in the
oceans: from emerging pollutants to emerged threat. Mar
Environ Res 2017, 128:2-11.
22. Kiulia NM, Hofstra N, Vermeulen LC, Obara MA, Medema G,
Rose JB: Global occurrence and emission of rotaviruses to
surface waters. Pathogens 2015, 4:229-255.
23. Hofstra N, Vermeulen LC: Impacts of population growth,
urbanisation and sanitation changes on global human
Cryptosporidium emissions to surface water. Int J Hyg Environ
Health 2016, 219:599-605.
24.

van Vliet MTH, Florke M, Wada Y: Quality matters for water
scarcity. Nat Geosci 2017, 10:800-802.
This is the first study providing an ellegant approach to account for water
quality in global water stress assessments.
25. Wen Y, Schoups G, Van De Giesen N: Organic pollution of rivers:
combined threats of urbanization, livestock farming and
global climate change. Sci Rep 2017, 7:43289.
26. Dumont E, Johnson AC, Keller VD, Williams RJ: Nano silver and
nano zinc-oxide in surface waters–exposure estimation for
Europe at high spatial and temporal resolution. Environ Pollut
2015, 196:341-349.
27. Gavrilescu M, Demnerova´ K, Aamand J, Agathos S, Fava F:
Emerging pollutants in the environment: present and future
challenges in biomonitoring, ecological risks and
bioremediation. New Biotechnol 2015, 32:147-156.
28. Deblonde T, Cossu-Leguille C, Hartemann P: Emerging
pollutants in wastewater: a review of the literature. Int J Hyg
Environ Health 2011, 214:442-448.
29.

Ebele AJ, Abou-Elwafa Abdallah M, Harrad S: Pharmaceuticals
and personal care products (PPCPs) in the freshwater aquatic
environment. Emerg Contam 2017, 3:1-16.
This review paper focuses on the impacts of pharmaceuticals and
personal care products on aquatic systems. The paper links wastewater
treatment with water pollution.
30. Mayorga E, Seitzinger SP, Harrison JA, Dumont E, Beusen AHW,
Bouwman AF, Fekete BM, Kroeze C, Van Drecht G: Global
nutrient export from WaterSheds 2 (NEWS 2): model
development and implementation. Environ Modell Softw 2010,
25:837-853.
31. Strokal M, Ma L, Bai Z, Luan S, Kroeze C, Oenema O, Velthof G,
Zhang F: Alarming nutrient pollution of Chinese rivers as a
result of agricultural transitions. Environ Res Lett 2016,
11:024014.
32.

van Vliet MTH, Flo¨rke M, Harrison JA, Hofstra N, Keller V, Ludwig F,
Spanier JE, Strokal M, Wada Y, Wen Y et al.: Model inter-
comparison design for large-scale water quality models. Curr
Opin Environ Sustain 2019, 36:59-67.
This study focuses on model inter-comparison design for large-scale
water quality assessments. Several model inter-comparison projects are
discussed. Challenges are identified to design such inter-comparison
projects for water quality assessments.
33. Vermeulen LC, de Kraker J, Hofstra N, Kroeze C, Medema G:
Modelling the impact of sanitation, population growth and
urbanization on human emissions of cryptosporidium to
surface waters—a case study for Bangladesh and India.
Environ Res Lett 2015, 10:094017.
34. Nurul MA, Kroeze C, Strokal M: Human waste: an
underestimated source of nutrient pollution in coastal seas of
Bangladesh, India and Pakistan. Mar Pollut Bull 2017, 118:
131-140.Current Opinion in Environmental Sustainability 2019, 36:116–125 35. Gassman PW, Sadeghi AM, Srinivasan R: Applications of the
SWAT model special section: overview and insights. J Environ
Qual 2014, 43:1-8.
36. Iqbal MS: Quantifying the impact of socioeconomic development
and climate change on Escherichia coli concentrations in the
Pakistani Kabul River (PhD meeting). Dissertation number 6724,
Wageningen University & Research. the Netherlands: Wageningen
University; 2017. pp. 183.
37. Jeuken M, Mooiman J, Audouin Y: Interactive coupling of
TELEMAC with the open source water quality model
143 DELWAQ. Conference Proceedings of XXth TELEMAC-
MASCARET User Conference 2013:143-148.
38.

Fink G, Alcamo J, Flo¨rke M, Reder K: Phosphorus loadings to the
world’s largest lakes: sources and trends. Glob Biogeochem
Cycles 2018, 32:617-634.
This study focuses on quantifying loads of phosphorus to 100 largest
lakes in the world. To this end, the WorldQual model is used.
39.

Reder K, Flo¨rke M, Alcamo J: Modeling historical fecal coliform
loadings to large European rivers and resulting in-stream
concentrations. Environ Modell Softw 2015, 63:251-263.
This recent study provides a comprehensive assessment of water pollu-
tion with fecal coliform. To this end, the WorldQual model is used and
accounts for point and diffuse sources. The study gives insights into the
main sources of fecal coliform pollution in European rivers.
40. Van Vliet M, Ludwig F, Zwolsman J, Weedon G, Kabat P: Global
river temperatures and sensitivity to atmospheric warming
and changes in river flow. Water Resour Res 2011, 47:W02544.
41. van Vliet M, van Beek L, Eisner S, Flo¨rke M, Wada Y, Bierkens M:
Multi-model assessment of global hydropower and cooling
water discharge potential under climate change. Glob Environ
Change 2016, 40:156-170.
42. Voß A, Alcamo J, Ba¨rlund I, Voß F, Kynast E, Williams R, Malve O:
Continental scale modelling of in-stream river water quality: a
report on methodology, test runs, and scenario application.
Hydrol Processes 2012, 26:2370-2384.
43. O’Neill BC, Kriegler E, Ebi KL, Kemp-Benedict E, Riahi K,
Rothman DS, van Ruijven BJ, van Vuuren DP, Birkmann J, Kok K
et al.: The roads ahead: narratives for shared socioeconomic
pathways describing world futures in the 21st century. Glob
Environ Change 2017, 42:169-180.
44. Crespo Cuaresma J: Income projections for climate change
research: a framework based on human capital dynamics.
Glob Environ Change 2017, 42:226-236.
45. Leimbach M, Kriegler E, Roming N, Schwanitz J: Future growth
patterns of world regions—a GDP scenario approach. Glob
Environ Change 2017, 42:215-225.
46. Dellink R, Chateau J, Lanzi E, Magne´ B: Long-term economic
growth projections in the shared socioeconomic pathways.
Glob Environ Change 2017, 42:200-214.
47. Kc S, Lutz W: The human core of the shared socioeconomic
pathways: population scenarios by age, sex and level of
education for all countries to 2100. Glob Environ Change 2017,
42:181-192.
48. Jiang L, O’Neill BC: Global urbanization projections for the
shared socioeconomic pathways. Glob Environ Change 2017,
42:193-199.
49. Bouwman L, Goldewijk KK, Van Der Hoek KW, Beusen AH, Van
Vuuren DP, Willems J, Rufino MC, Stehfest E: Exploring global
changes in nitrogen and phosphorus cycles in agriculture
induced by livestock production over the 1900–2050 period.
Proc Natl Acad Sci U S A 2013, 110:20882-20887.
50. Jones B, O’Neill B: Spatially explicit global population
scenarios consistent with the shared socioeconomic
pathways. Environ Res Lett 2016, 11:084003.
51. Gao J: Downscaling global spatial population projections from 1/8-
degree to 1-km grid cells. NCAR technical note NCAR/TN-537
+STR. Boulder, Colorado: National Center for Atmospheric
Research; 2017. pp. 9.www.sciencedirect.com
Global multi-pollutant modelling of water quality Strokal et al. 12552. Robinson TP, Wint GW, Conchedda G, Van Boeckel TP, Ercoli V,
Palamara E, Cinardi G, D’Aietti L, Hay SI, Gilbert M: Mapping the
global distribution of livestock. PLoS One 2014, 9:e96084.
53. Van Vuuren DP, Edmonds J, Kainuma M, Riahi K, Thomson A,
Hibbard K, Hurtt GC, Kram T, Krey V, Lamarque J-F: The
representative concentration pathways: an overview. Clim
Change 2011, 109:5-31.
54. Liang X, Lettenmaier DP, Wood EF, Burges SJ: A simple
hydrologically based model of land surface water and energy
fluxes for general circulation models. J Geophys Res: Atmos
1994, 99:14415-14428.
55. Nijssen B, O’Donnell GM, Lettenmaier DP, Lohmann D, Wood EF:
Predicting the discharge of global rivers. J Clim 2001, 14:
3307-3323.
56. Vo¨ro¨smarty CJ, Federer CA, Schloss AL: Potential evaporation
functions compared on US watersheds: possible implications
for global-scale water balance and terrestrial ecosystem
modeling. J Hydrol 1998, 207:147-169.
57. Hanasaki N, Kanae S, Oki T, Masuda K, Motoya K, Shirakawa N,
Shen Y, Tanaka K: An integrated model for the assessment of
global water resources–part 1: model description and input
meteorological forcing. Hydrol Earth Syst Sci 2008, 12:
1007-1025.
58. Hanasaki N, Kanae S, Oki T, Masuda K, Motoya K, Shirakawa N,
Shen Y, Tanaka K: An integrated model for the assessment of
global water resources–part 2: applications and assessments.
Hydrol Earth Syst Sci 2008, 12:1027-1037.
59. Van Beek L, Wada Y, Bierkens MF: Global monthly water stress:
1. Water balance and water availability. Water Resour Res 2011,
47:W07517.
60. Do¨ll P, Kaspar F, Lehner B: A global hydrological model for
deriving water availability indicators: model tuning and
validation. J Hydrol 2003, 270:105-134.
61. van Vliet MT, Wiberg D, Leduc S, Riahi K: Power-generation
system vulnerability and adaptation to changes in climate and
water resources. Nat Clim Change 2016, 6:375-381.
62. Strokal M, Kroeze C, Wang M, Bai Z, Ma L: The MARINA model
(model to assess river inputs of nutrients to seAs): model
description and results for China. Sci Total Environ 2016,
562:869-888.
63. Yearsley JR: A semi-Lagrangian water temperature model for
advection-dominated river systems. Water Resour Res 2009, 45
W12405.
64. van Vliet MT, Franssen WH, Yearsley JR, Ludwig F, Haddeland I,
Lettenmaier DP, Kabat P: Global river discharge and water
temperature under climate change. Glob Environ Change 2013,
23:450-464.
65. Punzet M, Voß F, Voß A, Kynast E, Ba¨rlund I: A global approach
to assess the potential impact of climate change on stream
water temperatures and related in-stream first-order decay
rates. J Hydrometeorol 2012, 13:1052-1065.
66. Thomann RV, Mueller JA: Principles of surface water quality
modeling and control. New York: Harper & Row, Publishers; 1987.
pp. 327.
67. Winfield MD, Groisman EA: Role of nonhost environments in the
lifestyles of Salmonella and Escherichia coli. Appl Environ
Microbiol 2003, 69:3687-3694.
68. Tiefenthaler LL, Stein ED, Lyon GS: Fecal indicator bacteria (FIB)
levels during dry weather from Southern California reference
streams. Environ Monit Assess 2009, 155:477-492.www.sciencedirect.com 69. Kroeze C, Hofstra N, Ivens W, Lo¨hr A, Strokal M, van Wijnen J: The
links between global carbon, water and nutrient cycles in an
urbanizing world—the case of coastal eutrophication. Curr
Opin Environ Sustain 2013, 5:566-572.
70. Pe´rez CJ, Vega-Rodrı´guez MA, Reder K, Flo¨rke M: A multi-
objective artificial bee colony-based optimization approach to
design water quality monitoring networks in river basins. J
Clean Prod 2017, 166:579-589.
71. Strokal M: River export of nutrients to the coastal waters of China:
the MARINA model to assess sources, effects and solutions (PhD
thesis). Wageningen, The Netherlands: Wageningen University;
2016. 235pp..
72. Reder K, Alcamo J, Flo¨rke M: A sensitivity and uncertainty
analysis of a continental-scale water quality model of
pathogen pollution in African rivers. Ecol Modell 2017, 351:
129-139.
73. Hofstra N, Bouwman AF, Beusen AHW, Medema GJ: Exploring
global Cryptosporidium emissions to surface water. Sci Total
Environ 2013, 442:10-19.
74. Strokal M, Yang H, Zhang Y, Kroeze C, Li L, Luan S, Wang H,
Yang S, Zhang Y: Increasing eutrophication in the coastal seas
of China from 1970 to 2050. Mar Pollut Bull 2014, 85:123-140.
75. Strokal MP, Kroeze C, Kopilevych VA, Voytenko LV: Reducing
future nutrient inputs to the Black Sea. Sci Total Environ 2014,
466–467:253-264.
76. Suwarno D, Lo¨hr A, Kroeze C, Widianarko B, Strokal M: The
effects of dams in rivers on N and P export to the coastal
waters in Indonesia in the future. Sustain Water Qual Ecol 2014,
3–4:55-66.
77. Yasin JA, Kroeze C, Mayorga E: Nutrients export by rivers to the
coastal waters of Africa: past and future trends. Glob
Biogeochem Cycles 2010, 24:GB0A07.
78. Van der Struijk LF, Kroeze C: Future trends in nutrient export to
the coastal waters of South America: implications for
occurrence of eutrophication. Glob Biogeochem Cycles 2010,
24:GB0A09.
79. Vo¨ro¨smarty CJ, McIntyre P, Gessner MO, Dudgeon D,
Prusevich A, Green P, Glidden S, Bunn SE, Sullivan CA,
Liermann CR: Global threats to human water security and river
biodiversity. Nature 2010, 467:555-561.
80.

Veldkamp T, Wada Y, Aerts J, Do¨ll P, Gosling S, Liu J, Masaki Y,
Oki T, Ostberg S, Pokhrel Y: Water scarcity hotspots travel
downstream due to human interventions in the 20th and 21st
century. Nat Commun 2017, 8:15697.
This study provides water scarcity hotspots and discusses how these
hotspots move towards downstream over time. Important reasons are
human activities upstream.
81. Liu J, Yang H, Gosling SN, Kummu M, Flo¨rke M, Pfister S,
Hanasaki N, Wada Y, Zhang X, Zheng C: Water scarcity
assessments in the past, present and future. Earth’s Fut 2017,
5:545-559.
82. Munia H, Guillaume J, Mirumachi N, Porkka M, Wada Y,
Kummu M: Water stress in global transboundary river basins:
significance of upstream water use on downstream stress.
Environ Res Lett 2016, 11:014002.
83. McCrackin ML, Harrison JA, Compton JE: Factors influencing
export of dissolved inorganic nitrogen by major rivers: a new,
seasonal, spatially explicit, global model. Glob Biogeochem
Cycles 2014:1-17.
84. Dalin C, Wada Y, Kastner T, Puma MJ: Groundwater depletion
embedded in international food trade. Nature 2017, 543:
700-704.Current Opinion in Environmental Sustainability 2019, 36:116–125
